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This letter reports the microfabrication, evaluation, and application of a boron-doped diamond
microprobe with an integrated resistive heater element. The diamond heater with a pyramidal tip,
which is formed at the end of two diamond beams, can be electrically heated by a flowing current.
The high thermal conductivity of the diamond base supporting the heater element allows very quick
thermal response of 0.45 ms. A hard-wearing sharp diamond tip formed by the silicon-lost mold
technique shows excellent durability in contact operation with a sample. Diamond is well suited to
use as a nanolithography tool for modification of a polymer, because polymer is hard to deposit on
the tip during scanning due to the chemical inertness of the diamond surface. Demonstration of
thermomechanical nanolithography with this heated probe exhibits line patterns with the feature size
of 40 nm on a poly~methylmethacrylate! film. © 2003 American Institute of Physics.
@DOI: 10.1063/1.1541949#Scanning probe microscopy is increasing its demands
not only as scientific tools but also as nano-engineering tools
for nanolithography,1–4 high-density data storage,
manipulation,5 etc. As for the nanolithography, many articles
have been published to show the ability of writing patterns in
nanoscale. However, the durability of probes, reliability, and
throughput in processing are still crucial problems in these
applications. Despite scanning tunneling microscopy based
lithography showing atomic scale resolution,6 the low pro-
cessing speed limits its use because the time constant of the
feedback circuit for keeping the tunneling current at a con-
stant determines the maximum processing speed. Noncontact
or tapping operations in scanning probe microscope and
near-field scanning optical microscopy have same issue.
Atomic Force Microscopy ~AFM! operated in contact mode
shows higher operating speed7,8 because it allows a wide
dynamic range in operational force and does not need any
electronics when it is operated without a feedback. The inte-
grated AFM systems with actuators9 and probe array10,11 are
developed toward actual utilization. In these systems, the
simplicity of the operation of each probe is very important to
intergrate an electric circuit into a microsystem for parallel
operation. Thermomechanical writing method based on scan-
ning thermal microscopy has been shown to be an effective
method to modify a polymer film for high-density data
storage.12,13 In this method, the thermoplastic polymer was
locally heated by a heated tip above the glass melting points
and thermomechanically deformed; the formed pits were de-
fined by the feature size of the apex of the tip.
The contact-mode scanning methods have major disad-
vantages, i.e., break or abrasion of tips. Owing to its direct
contact with a solid surface and iterative scanning, probe tips
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that diamond has good mechanical hardness and high ther-
mal conductivity.15 Using diamond as a probe material, it is
expected to solve these problems in the contact operation.
This letter describes the fabrication and the characteriza-
tion of the scanning thermal probe made of boron-doped
diamond. This diamond probe is demonstrated for use in
thermomechanical nanolithography on a thermoplastic poly-
mer film. As shown in Fig. 1, the resistive diamond heater
element with a pyramidal tip was formed at the end of two
beams. The length and the width of the beams are 300 and 40
mm, respectively. The size of the heater element is 15 mm
310 mm33 mm. All of the beams, the heater elements, and
the tip were made of boron-doped diamond. These beams
were supported by the base of Pyrex glass in which
feedthrough holes were formed for electric contact. By flow-
ing current into two beams, the heater element including a tip
can be heated up by Joule heat.
FIG. 1. The schematic structure of the boron-doped diamond probe.© 2003 American Institute of Physics
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selective growth of diamond, as shown in the fabrication
sequence in Fig. 2, was used for making sharp tips and dia-
mond structures. A p-type ~100!-oriented silicon wafer with
5–8 V cm was oxidized and the oxide was patterned by pho-
tolithography. Using this oxide layer as a masking material,
the silicon was anisotropically etched in 20 wt% KOH
etchant at 80 °C to make a tip mold. Then a 3-mm-thick
boron-doped diamond was selectively deposited on the sili-
con using hot-filament chemical vapor deposition
~HF-CVD!,16,17 where a mixture of CH4 ~1.5%! and hydro-
gen is introduced at the total gas pressure of 5.2 KPa through
mass flow controllers and activated by a heated tungsten fila-
ment at 2000 °C. An additional small amount of vaporized
tri-methoxyborane as a boron source is introduced at the
same time. To ensure the selective growth of diamond, depo-
sition process was carried out as follows. First, the silicon
substrate with a patterned oxide was treated for diamond
nucleation using an ultrasonic agitator with 1 mm diameter of
diamond powders. Then oxide layer was slightly etched in
FIG. 3. SEM views of the fabricated boron-doped probe and the tip.
FIG. 2. Simplified process chart for a boron-doped diamond probe.Downloaded 01 Dec 2008 to 130.34.135.83. Redistribution subject tobuffered HF ~BHF!. This process selectively removed the
diamond nucleation on the oxide layer. A 300-nm-thick Al
pattern was formed on diamond by sputtering and following
photolithography, which serve as an adhesive intermediate
layer for anodic bonding with the Pyrex glass or as an optical
mirror at the end of cantilevers for optical displacement sens-
ing. Pyrex glass with a thickness of 0.3 mm was processed as
shown at the right-hand side of Fig. 2. Part of the glass,
which corresponds to the upper areas of the cantilever beams
after bonding, was selectively etched in BHF with a masking
Cr pattern. Feedthrough holes with a diameter of 400 mm
and narrow Grooves with a depth of 150 mm were formed by
a drilling machine and dicing saw, respectively. The silicon
and Pyrex glass were bonded together using anodic bonding
technique under a voltage of 600 V at 500 °C. Then, silicon
mold was etched with inductively coupled plasma-reactive
ion etching using SF6 gas, and cantilevers were released. The
probe array was cut into a piece along the glass grooves, and
metal wires were glued onto the holes with a conductive
adhesive. Scanning electron microscopy ~SEM! observations
were undertaken to evaluate the completed devices. Figure 3
shows the SEM images of the probe and the apex of the tip.
Most of diamond probe tip has the tip apex of about 80 nm in
diameter. In addition, focused ion beam ~FIB! milling can
exactly define and modify the heater structure. The front and
back of the pyramidal tip on the diamond heating element
FIG. 4. The modified diamond heater by FIB milling.
FIG. 5. Thermal response of the heater elements when a pulse voltage was
applied. The temperature change estimated from the resistance was plotted.
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width, as shown in Fig. 4.
Thermal properties of the diamond probe were charac-
terized from the thermal response of the probe. From the
measurement of I – V characteristics, the resistivity of CVD
diamond is estimated to be 3.231023 V cm at room tem-
perature if the contact resistance was supposed to be ignored.
The thermal response time of the heater was measured from
the decay curve of the resistance when pulse voltage was
applied.18 Figure 5 shows the decay curve of resistance and
corresponding temperature. In Fig. 5, the temperature was
estimated from the measurement result of the probe resis-
tance versus temperature where a 4 V pulse with a pulse
width of 0.2 ms was applied. From this result, it can be seen
that the diamond probe shows the thermal response time of
about 0.45 ms. Here we defined the thermal response time as
the falling time from 90% to 10% of the maximum resis-
tance. Analysis with finite element method using Ansys®
was conducted on the heater element with the same dimen-
sion, which shows the thermal response time of 0.5 ms when
the thermal conductivity of the CVD diamond was assumed
to be 9 W/cm K.19 It should be noted that the thermal re-
sponse of diamond structure is much higher than that of sili-
con with the same size ~about 5 ms!. The dissipated heat will
conduct from the heater to the beams made of diamond. The
large thermal conductivity of diamond enables us to shorten
the thermal response time.
Thermomechanical nanolithography was demonstrated
on a 100-nm-thick poly~methylmethacrylate! ~PMMA! film.
Diamond probe scanned on the PMMA coated silicon sample
with applying a dc or ac voltage to the heater at a constant
force on the order of 1 mN. Demonstrated diamond cantile-
ver has a resonant frequency of 215 kHz and a spring con-
stant of 20 N/m. First, with applying dc voltage of 4 V to the
diamond cantilever ~expected to be heated at 200 °C!, the
diamond probe scanned on the sample and modified the sur-
FIG. 6. Thermomechanically formed pattern on a thin PMMA film.Downloaded 01 Dec 2008 to 130.34.135.83. Redistribution subject toface. Then, using the same probe, an AFM image of the
modified surface was undertaken. As shown in Fig. 6, narrow
lines with a width of 40 nm and a depth of 7 nm were
formed.
Pits were formed on the PMMA by pulse heating of the
heater as well, and the fabricated pit pattern was transferred
onto a silicon substrate by dry etching. The array of pits was
formed by applying pulse voltages to the diamond probe
~amplitude: 5.2 Vp2p , frequency: 250 Hz! in scanning with
the speed of 100 mm/s. Pit patterns with a diameter of 230
nm and a pitch of 400 nm were transferred onto a silicon
substrate by etching with a fast atom beam using the PMMA
as a mask. With the previously measured thermal response
time of the diamond probe, the maximum scanning speed for
making pit patterns with the pitch of 400 nm can be esti-
mated to be about 0.8 m/s, which is two times faster than that
reported in Ref. 20. Furthermore, the high processing speed
can be realized with the parallel operation of diamond probe
array, which is our research theme under development.
In summary, the boron-doped diamond probe with a
sharp stylus was fabricated and applied to thermomechanical
nanolithography. Abrasion was not recognized due to the su-
perior mechanical properties of the diamond tip. Further-
more, a high-speed nanolithography process can be realized
due to the large thermal conductivity of diamond probe.
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